RecQ family DNA helicases are defined as proteins sharing a homologous region with Escherichia coli RecQ and are basically regarded as enzymes involved in recombination. Humans have five RecQ family members, and deficiencies in three of them, BLM, WRN, and RTS, cause Bloom's, Werner's, and Rothmund-Thomson syndromes, respectively, each characterized by genomic instability and cancer predisposition. In this context, an important function of the RecQ homologs appears to be the unwinding of intermediates of recombination, thereby preventing its uncontrolled execution. As a consequence, their deficiencies give rise to elevated levels of recombination (the hyper-recombination phenotype), which result in chromosomal aberrations including loss of heterozygosity, a common chromosomal change associated with malignancies. Thus, those helicases qualify as caretakertype tumor suppressor proteins. In addition, BLM and WRN deficiencies have been shown to attenuate p53-mediated apoptosis, suggesting that they also belong to the gatekeeper class of tumor suppressor proteins.
Introduction
DNA helicases of the RecQ family, defined by amino acid sequence similarities to the prototype Escherichia coli RecQ, are widely distributed across the biological world. Currently, RecQ family helicases are under intensive study apparently energized by their connections with human diseases. Thus, of the five RecQ homologs of humans, three (BLM, WRN, and RTS or hRecQ4) have been shown to cause, when mutated, hereditary disorders, i.e., Bloom's, Werner's, and RothmundThomson syndromes, respectively (Ellis et al., 1995; Yu et al., 1996; Kitao et al., 1999) . What is more, all these conditions are characterized by genomic instability and cancer predisposition. In other words, these RecQ homologs qualify as tumor suppressor proteins. Further, patients of Werner's syndrome also manifest symptoms of premature aging. These characteristics strongly suggest that the pathologies of the three 'helicase diseases' are closely connected with fundamental cellular processes and that studies of the RecQ family at large would provide insight into such major problems as tumorigenesis and aging which are still poorly understood. In the present review, I first describe the general features of RecQ family helicases. Since this part is intended as the groundwork for subsequent discussions, it is by no means exhaustive although it covers a reasonably wide range of aspects. Then, I focus on the cancer predisposition that characterizes those hereditary diseases and consider potential mechanisms for it.
Proteins of the RecQ family

Definition and distribution
The members of the RecQ family are those proteins which share a homologous region (hereafter called conserved region) with E coli RecQ. They occur in all of the three domains of life, but not in every species. In domain Eucarya, 'life without RecQ' is yet to be found; all of the six organisms for which the finished genomic data are available possess a single or multiple RecQ homologs (Table 1) . In domains Bacteria and Archaea, by contrast, the genomic data indicate that a fairly large number of organisms are devoid of a gene encoding a RecQ family helicase. Thus, of the 15 and 48 genomefinished archaeal and bacterial species, 13 and 20 apparently possess no RecQ-encoding gene, respectively (H Nakayama, unpublished) . In the rest of the species, the number of RecQ-encoding genes is one or two. It is also interesting to note that most of those bacteria possessing no RecQ-encoding gene have a small-sized genome (52 Mbp), with the exceptions of Mycobacterium tuberculosis (4.40 Mbp) and M leprae (3.26 Mbp). The relative rarity of RecQ-less species in Archaea might also be related to the prevalence of small genomes in this domain. These relations may be taken to suggest that RecQ family helicases are a luxury for the cell and have been lost in the process of reductive evolution. This notion is also consistent with the fact that the E coli recQ and yeast sgs1 mutants, in which the sole RecQ homolog has been inactivated, are viable (Nakayama et al., 1985; Gangloff et al., 1994; Watt et al., 1995) .
Molecular architecture
Despite the presence of the conserved region, the members of the RecQ family are otherwise fairly *Correspondence: H Nakayama, 4395-2 Fukuma-machi, Fukuokaken 811-3213, Japan; E-mail: nakh@ruby.ocn.ne.jp heterogeneous in structure. More specifically, the conserved region is flanked by stretches of amino acids of highly variable length with a low degree of sequence conservation, which are to be referred to as the Nterminal and C-terminal regions. Thus, the molecule of a RecQ family helicase can be viewed as a tripartite structure composed of the N-terminal, conserved, and C-terminal regions (Figure 1 ).
When N-terminal regions from various RecQ homologs are compared with one another, they are found to be extremely diverse in two ways. First, their size varies widely (10 -900 amino acid residues). Second, they show little amino acid sequence similarity to one another except between close relatives such as vertebrate orthologs. Although functions attributable to this region are unknown for most members of the family, a few longer varieties have been shown to have special enzymatic or binding activities (see below). The conserved region, situated in the middle of the molecule, is composed of 320 -390 amino acid residues, and the sequence conservation in this region is most marked in the seven helicase motifs (I, Ia, II, III, IV, V, and VI as originally defined in Gorbalenya et al., 1989) . This is exemplified by protein alignment of E coli RecQ and RTS (Figure 2 ). The C-terminal region is also variable in size (70 -720 amino acid residues), but may contain two weakly conserved sequences (Morozov et al., 1997) , RecQ Ct (for C-terminal) and HRDC (for Helicase and RNase D C-terminal). The former is present in most homologs and located immediately downstream of the conserved region. The latter, located near the C terminal and also seen in RNase D, occurs in many of those homologs with longer C-terminal regions (4200 amino acid residues). Little is known about the functional significance of these sequences although binding sites required for interaction with other proteins have been located in the C-terminal region in some homologs.
Enzymatic activities
As the name implies, duplex unwinding is the catalytic activity common to all RecQ family helicases so far examined. In addition, one family member, WRN, is known to have an exonuclease activity as well. The possibility exists that DNA topoisomerase III (Topo III) and RecQ family helicases may act as an enzyme complex.
Duplex unwinding reactions
When duplex-unwinding activity is determined by the use of a gapped DNA substrate (Figure 3a ), all RecQ family helicases thus far examined preferentially release the short single strand from the 5'-end of the longer single strand at the expense of free energy released by ATP hydrolysis. Hence, the name 3' -5' helicase, based on the assumption that the enzyme unwinds the duplex portion in the 3' to 5' polarity with respect to the longer single strand to which it initially binds. In fact, recent work with yeast Sgs1p has demonstrated that the enzyme binds to the single-strand/double-strand junction of a partial duplex, with recognition of the proper polarity of the single-stranded portion . Although this directionality of reaction has so far been demonstrated only with E coli RecQ (Umezu et al., 1990) , Sgs1p (Lu et al., 1996; Bennett et al., 1998) , hRecQ1/L (Seki et al., 1994b) , BLM (Karow et al., 1997) , and WRN (Shen et al., 1998b) , it seems likely to represent the basic activity shared by all members of the family.
The catalytic activities of RecQ family helicases present a number of additional features, which should reflect their in vivo functions. First, their duplexunwinding activities are markedly stimulated by single-stranded DNA-binding proteins (SSBs). Thus, in the presence of SSB, E coli RecQ was found not only to unwind partial duplexes with increased efficiency but also to be capable of unwinding a Kitao et al., 1998 hRECQ5 Kitao et al., 1998 blunt-ended duplex (Figure 3b ), which is a poor substrate without SSB (Umezu and Nakayama, 1993) . The unwinding of a blunt or nearly blunt duplex would be necessary for the initiation of homologous recombination in conjugational or transductional crosses as well as in double strand break repair mediated by homologous recombination. The interpretation of the SSB-mediated stimulation was that binding of SSB to the unwound single-stranded DNA would stabilize such DNA, thereby preventing a futile cycle between unwinding and rewinding (Umezu and Nakayama, 1993; Harmon and Kowalczykowski, 2001 ) and useless binding of the helicase enzyme to such DNA (Harmon and Kowalczykowski, 2001) . Whether there is a physical interaction between RecQ and SSB in E coli is unknown. Although E coli SSB has also been shown to stimulate the duplex unwinding reactions by Sgs1p (Bennett et al., 1998) and WRN (Gray et al., 1997; Shen et al., 1998b; Brosh et al., 1999) , the effect appears to be limited to shorter duplex substrates (5100 bp) in the case of WRN. In contrast, replication protein A (RPA), a human SSB, is a much better stimulator for the unwinding activities of WRN and BLM: their activities on longer duplexes (4200 bp) are markedly enhanced by RPA, but little, if at all, by prokaryotic SSBs (Shen et al., 1998b; Brosh et al., 1999 Brosh et al., , 2000 . Further, direct physical interactions between RPA and these human helicases have been demonstrated to occur (Brosh et al., 1999 . Given such a specificity, it may be that the SSB-mediated Figure 2 Amino acid sequence similarity between the conserved regions of E coli RecQ and RTS (hRecQ4). The sequences of the E coli (Irino et al., 1986) and human (Kitao et al., 1998) proteins were aligned with the CLUSTAL X program. The seven helicase motifs (Gorbalenya et al., 1989) are shown in red stimulation of duplex unwinding is not simply due to trapping of the unwound single stranded DNA, at least in the case of the human enzymes. Second, RecQ family helicases have unique substrate specificities. In addition to the partial and blunt duplexes mentioned above, E coli RecQ is also capable of unwinding a surprisingly wide variety of DNA substrates with comparable efficiencies in the presence of SSB Kowalczykowski, 1998, 2001; Harmon et al., 1999) . The unwinding of a joint molecule (Figure 3c ) or a four-way structure mimicking a Holliday junction (Figure 3d ) may represent disruption of recombinational intermediates which leads to the termination of recombination. These findings clearly indicate the possibility that E coli RecQ may act not only as an initiator but also a disrupter of homologous recombination (Harmon and Kowalczykowski, 1998) . E coli RecQ has also the capacity to unwind closed circular DNA (Figure 3e ) with concomitant formation of a positively supercoiled domain. This reaction is significant in the interaction of RecQ with topoisomerase III (see below). In the case of eukaryotic RecQ homologs, simple duplex DNA, especially when it is long, seems to be a poor substrate in the absence of SSB: Sgs1p, BLM, and WRN do not unwind blunt-ended duplexes appreciably although the reaction is somewhat enhanced by a 3'-tail Mohaghegh et al., 2001) . In contrast, BLM and WRN can unwind a duplex with an internal bubble ( Figure 3f ) (Mohaghegh et al., 2001) . They are also quite proficient in unwinding the Holliday junction-like structure Constantinou et al., 2000; Mohaghegh et al., 2001 ), a finding which may be relevant to the hyper-recombination phenotype exhibited by cells from patients of Bloom's or Werner's syndrome (see below). Further, Sgs1p, BLM and WRN can efficiently unwind certain types of G-DNA, i.e., G-G paired tetraplex structures, thought to be formed in vivo in G-rich tracts such as telomeres and rDNA and disturb DNA transactions (Sun et al., 1998 (Sun et al., , 1999 Fry and Loeb, 1999; Kamath-Loeb et al., 2001) . In fact, WRN, as well as E coli RecQ, can alleviate G-DNA-induced pausing of DNA polymerase d in vitro (Kamath-Loeb et al., 2001) . This may account, at least in part, for the observed defects of DNA synthesis in RecQ-deficient yeast and human cells (see below). It is also of note that BLM and WRN are capable of unwinding a DNA triple helix, another type of alternate structure which is known to be formed by sequences present at many sites in the human genome (Brosh et al., 2001c) . The DNA-RNA heteroduplex can also be unwound at least by WRN (Suzuki et al., 1997) and Sgs1p (Bennett et al., 1998 . This may have a bearing on the RecQ-mediated processing of Okazaki fragments at arrested replication forks observed in E coli (Courcelle and Hanawalt, 1999) . Finally, it should be pointed out that many of those studies on eukaryotic RecQ homologs were carried out in the absence of SSB. In view of the findings mentioned above, it would be desirable to include cognate SSBs in the reaction when further characterization of these enzymes is attempted.
Exonuclease activity of WRN
As mentioned above, WRN is unique in that it has a 3' -5' exonuclease activity on duplex DNA (Shen et al., 1998a; Kamath-Loeb et al., 1998) , currently representing the only non-helicase enzymatic activity exhibited by RecQ family members. The exonuclease domain of WRN resides near the N-terminus and shows an amino acid sequence similarity to E coli RNase D and the proof-reading exonuclease domain of E coli DNA polymerase I. Recently, intriguing observations have been reported that might give insight into the in vivo role of the enzyme. Thus, the nuclease activity is stimulated in an ATPdependent manner by the presence in the substrate of such unusual structures as a bubble, a loop, and a four-way junction, suggesting a coordinated action of the exonuclease and helicase activities and its possible role in processing alternate DNA structures (Shen and Loeb, 2000) . Further, the exonuclease activity of WRN, as well as its helicase activity, has been shown to be modulated via physical interaction with, and phosphorylation by, DNA-dependent protein kinase (DNA-PK) consisting of the Ku70/80(86) and catalytic (DNA-PK CS ) subunits Comai, 2000, 2001; Yannone et al., 2001; Karmakar et al., 2002) . In view of the potential involvement of DNA-PK in the repair of DNA double-strand breaks via nonhomologous DNA end joining (reviewed in Featherstone and Jackson, 1999) , these results may be considered to implicate WRN in such repair processes. It has also been reported that the WRN exonuclease activity is inhibited by p53 (Brosh et al., 2001a) , with which WRN is known to interact physically (Blander et al., 1999; Spillare et al., 1999) . 
Cooperation with topoisomerases
Conceptually, duplex unwinding by a helicase builds up a positive supercoil in the region ahead unless an appropriate swivel is provided. It is therefore not surprising that DNA helicases interact functionally and/or physically with one or more DNA topoisomerases. In effect, interactions of RecQ family helicases with DNA topoisomerases were recognized when Sgs1p was discovered. In one line of studies, the sgs1 mutation was identified as a suppressor of the slow-growth and hyper-recombination phenotypes of top3 yeast mutants in which topoisomerase (Topo) III was defective (Gangloff et al., 1994) . Also, a physical interaction between Sgs1p and Topo III was demonstrated (Gangloff et al., 1994; Bennett et al., 2000) . Independently, Sgs1p was identified as a protein capable of binding Topo II (Watt et al., 1995) . Recently, BLM, WRN, and hRecQ5b have also been shown to interact physically with cognate Topo IIIa (Johnson et al., 2000; Wu et al., 2000; Hu et al., 2001) , Topo I (Lebel et al., 1999) , and Topo IIIa/IIIb, , respectively. Although the domains required for these interactions have been localized by site-directed mutagenesis in most cases, much remains to be understood concerning those apparently important transactions. Obviously, more studies in vitro which address the concerted action of the RecQ family helicases and the interacting topoisomerases are indispensable. In this regard, the in vitro cooperation between E coli RecQ and Topo III (Harmon et al., 1999 ) is of particular note: RecQ, in the presence of SSB and ATP, greatly stimulates the Topo III-mediated catenation of relaxed closed circular duplexes, where Topo III and SSB can be replaced with the yeast equivalents. Perhaps, RecQ-induced unwinding of such DNA (see above), expected to provide a single stranded portion necessary for the action of Topo III, is responsible for the enhancement. This activity has been implicated in the regulation of recombination (see below).
Functions in DNA metabolism
The available information gives the impression that in vivo functions of RecQ family helicases are complex and multifaceted. Accordingly, it is not yet feasible to have a clear and unified view on this matter, although it is essential for understanding the problem of cancer predisposition in the RecQ-deficient disorders. As far as vegetative cells are concerned, the most salient phenotype of RecQ-deficient cells suggests that those helicases seem to be primarily in charge of regulating recombinational events by prevention of their uncontrolled execution. On the other hand, at variance with the classical notion, the current view dictates that the most important role for the 'recombination proteins' in vegetative growth is to ensure processive DNA replication through the maintenance of replication forks rather than to carry out conventional 'recombination' or recombination-mediated DNA repair Barre et al., 2001; Cox, 2001; Michel et al., 2001) . This suggests that impaired fork maintenance is likely to be the main cause of the hyper-recombination phenotype of RecQ-deficient cells. Thus, recombination, repair, and replication are hardly separable from one another. Nevertheless, the following discussion treats recombination/repair and replication in separate subsections purely for the sake of convenience.
Roles in recombination and repair E coli RecQ was initially found as a component of the RecF pathway of conjugational recombination that operates in the absence of a functional RecBCD helicase (Nakayama et al., 1984 (Nakayama et al., , 1985 ; subsequently it was shown to be a DNA helicase (Umezu et al., 1990) . The interpretation was that RecQ, in cooperation with RecJ exonuclease, would substitute for RecBCD in converting the end of the recombining duplex to a 3'-tailed structure needed for the initiation of RecA-mediated strand exchanges. Also without RecBCD, lack of RecQ increases UV sensitivity of the cell (Nakayama et al., 1984 (Nakayama et al., , 1985 , suggesting a defect in a recombination-dependent repair pathway, possibly the daughter strand gap repair (reviewed in Friedberg et al., 1995) . Consistent with this observation, the expression of the recQ gene was shown to be induced by DNA damage under the control of the SOS system (Irino et al., 1986) . On the other hand, later work showed E coli RecQ to suppress the formation of large chromosomal deletions mediated by illegitimate recombination using short homologous sequences (microhomologies), for which the disruption of recombination intermediates by RecQ was proposed as a possible mechanism (Hanada et al., 1997) . This proposal has been substantiated by the demonstration that RecQ actually disrupts structures such as joint molecules and four-way junctions thought to be models for recombination intermediates (Harmon and Kowalczykowski, 1998) . Thus, the duplex unwinding activity of E coli RecQ apparently has two-way effects, promotion and repression, on recombination. The fact that the promotion of recombination manifests itself only as a backup may suggest the repression to be the primary function of E coli RecQ, a view consistent with the phenotype of eukaryotic cells deficient in RecQ family helicases (see below). Interestingly, in Baciullus subtilis possessing two different RecQ homologs, loss of either one results in an increase in the frequency of transfer of dimeric plasmids (K Kusano, personal communication) . This may be interpreted to mean that each of the homologs interferes with the circularization of incoming single-stranded fragments of the plasmids, thereby inhibiting their establishment. On the other hand, one of those two RecQ-deficient mutations (recS) renders the cell partially defective in recombination as measured by transformation with chromosomal DNA (Ferna´ndez et al., 1998) .
A hallmark of RecQ-deficient eukaryotic cells is elevated levels of recombination, i.e., the hyperrecombination phenotype (Salk et al., 1981; Groden and German, 1992; Watt et al., 1996; Stewart et al., 1997; Lindor et al., 2000; Onoda et al., 2000 Onoda et al., , 2001 Myung et al., 2001) , which apparently reflects the inhibitory effects of RecQ family helicases on recombination. Nevertheless, the idea of two-way effects on recombination seems also to be valid for eukaryotic RecQ homologs. On the promotion side, the following facts should be noted. First, DNA damage-induced heteroallelic recombination is defective in a yeast sgs1 mutant (Gangloff et al., 2000; Onoda et al., 2001) . Second, there are several pieces of evidence to suggest the involvement of RecQ family helicases in the repair of double-strand breaks. The repair of such breaks is effected mainly by homologous recombination in bacteria and yeast, whereas both homologous recombination and nonhomologous DNA end joining are utilized in mammalian cells (Thompson and Schild, 1999 ; also reviewed in Friedberg et al., 1995) . The observations consistent with connections between double-strand break repair and RecQ family helicases include the following: (1) after treatment with agents causing double strand breaks such as ionizing radiation, BLM colocalizes in nuclear foci with hRad51, a human homolog of E coli RecA essential for homologous recombination (Bischof et al., 2001; Wu et al., 2001; Sakamoto et al., 2001) ; (2) the amount of BLM mRNA increases in response to ionizing radiation (Bischof et al., 2001) ; (3) BLM interacts physically with hRad51 (Bischof et al., 2001; Wu et al., 2001) ; (4) in yeast, Sgs1p enhances g-ray survival of diploid, but not haploid, cells (Gangloff et al., 2000) ; (5) WRN interacts both physically and functionally with DNA-PK or its Ku subunit Comai, 2000, 2001; Yannone et al., 2001; Karmakar et al., 2002) , thought to be involved in double strand break repair by the end-joining mechanism (reviewed in Featherstone and Jackson, 1999); and (6) a functional interaction exists between Drosophila BLM and Ku (Kusano et al., 2001) .
How does the hyper-recombination phenotype manifest itself in RecQ-deficient eukaryotic cells? In principle, the interpretation for the elevated levels of illegitimate recombination in E coli may also be valid in these cases, given the observations that BLM and WRN, like E coli RecQ, are active in vitro on the alternate DNA structures related to recombination intermediates Constantinou et al., 2000; Mohaghegh et al., 2001) . This notion seems to have been substantiated at least for BLM and Sgs1p. Thus, the deficiency of chicken BLM results in an elevated level of sister chromatid exchanges and targeted integration, both mediated by homologous recombination (Wang et al., 2000a) . However, it remains unclear whether illegitimate recombination (equivalent to nonhomologous end joining in the case of double-strand break repair) is also promoted by BLM deficiencies. With respect to Sgs1p, its deficiencies lead to a selective increase in the frequency of recombination involving substrates with imperfect homology (homeology), which results in gross chromosomal rearrangements with such regions at their breakpoints (Myung et al., 2001) . This suggests that Sgs1p may act preferentially upon heteroduplexes with multiple mispaired bases, thereby inhibiting recombination between divergent, repeated sequences (Myung et al., 2001) . It may also be consistent with the fact that internal bubbles in duplex DNA stimulate its unwinding by BLM or WRN (Mohaghegh et al., 2001) . Participation of the RecQ homolog Rqh1p in the unwinding of Holliday junctions has also been suggested in the fission yeast Schizosaccharomyces pombe (Doe et al., 2000) .
It should also be emphasized that although the hyper-recombination phenotype is apparently shared by all RecQ deficiencies thus far studied, its manifestations are not uniform. Specifically, both sister chromatid exchanges and gross chromosomal rearrangements, the former in particular, increase in frequency in BLM-deficient cells (reviewed in Ellis and German, 1996) . Since sister chromatid exchanges are mediated by homologous recombination (Sonoda et al., 1999; Wang et al., 2000a) , it follows that BLM regulates at least homologous recombination and possibly illegitimate events as well. In contrast, only gross chromosomal rearrangements increase in frequency in WRN-and RTS-deficient cells (Gebhart et al., 1988; Lindor et al., 2000) . Hence, these RecQ homologs may control recombinational events in a way different from that for BLM. One obvious possibility is that they regulate mainly illegitimate recombination (Prince et al., 2001; Oshima et al., 2002) .
Cooperation between a RecQ family helicase and Topo III may require special attention in relation to the regulation of recombination. Thus, complementation of the hyper-recombination phenotype of Sgs1p null mutants absolutely requires the Topo III-interacting domain of Sgs1p (Mullen et al., 2000; Ui et al., 2001) . This also likely holds for other RecQ family helicases known to interact with Topo III, i.e., E coli RecQ and BLM, and is consistent with the idea put forward previously that the efficient catenation/decatenation effected by the cooperation between a RecQ family helicase and Topo III may be involved in the suppression of increased recombination (Harmon et al., 1999) .
The hyper-recombination phenotype includes enhanced formation of deletion mutations, which should have an important bearing on tumorigenesis as one of the mechanisms causing loss of heterozygosity (LOH). As mentioned above, the RecQ deficiency is a deletion mutator in E coli (Hanada et al., 1997) . In yeast sgs1 mutants, large deletions also increase in frequency, with the involvement of homeologous recombination predominating over that of illegitimate recombination (Myung et al., 2001) . In WRN-deficient cells, large deletions occur also with increased frequencies (Fukuchi et al., 1989 (Fukuchi et al., , 1990 , which have been shown to be formed through illegitimate recombination (Monnat et al., 1992) . In BLM-deficient cells, the frequency of large deletions is even higher than that in WRN-deficient cells (Tachibana et al., 1996) , but information about the junction sequences is unavailable.
The replication connection: rescue of disturbed replication forks
It is becoming increasingly clear that recombination proteins play important roles in DNA replication. The demands for them are thought to arise when replication forks stall, or even collapse, for one reason or another. The rescue of such troubled forks would be the job assigned to them, but recombination per se may not always be involved ). Indeed, it has been proposed that this is the primary role of the 'recombination' proteins Cox, 2001) . Perhaps, RecQ family helicases are no exception. In fact, the following observations strongly suggest the connection of those helicases to DNA replication: (1) impaired DNA replication has been documented at least for cells deficient in BLM (reviewed in Ellis and German, 1996) or WRN (Poot et al., 1992) ; (2) expression of the human homologs except hRecQ5 is up-regulated by transformation of the cell (Kawabe et al., 2000) ; (3) Sgs1p (Frei and Gasser, 2000a) , BLM Kawabe et al., 2000) , and RTS (Kawabe et al., 2000) accumulate in S phase; (4) in Xenopus laevis, depletion of the BLM homolog from an egg extract causes an inhibition of DNA synthesis in reconstituted nuclei (Liao et al., 2000) while the WRN homolog is essential for the formation of replication foci (Yan et al., 1998) ; (5) WRN interacts physically and/or functionally with replication-related proteins, i.e., a DNA replication complex (Lebel and Leder, 1998; Lebel et al., 1999) , the proliferating cell nuclear antigen (PCNA) (Lebel et al., 1999) , FEN1 (Brosh et al., 2001b) , and DNA polymerase d (Kamath-Loeb et al., 2000 , 2001 .
Arrested or collapsed replication forks arise under a variety of conditions and may be rescued by mechanisms not yet fully understood. Here, a presumptive model is presented which is intended to explain how processing of a disturbed fork will lead to the hyper-recombination phenotype. For the sake of simplicity, only interruptions of the leading-strand template are considered as a fork-disturbing factor. In the present context where spontaneous events are emphasized, this may be reasonable because strand breaks or gaps likely account for a substantial portion of the 'uninduced' DNA lesions, e.g., those caused by oxidative stress. The resulting hyper-recombination phenotype is assumed to be the one associated with the deficiency of Sgs1p or BLM, consisting of elevated levels of sister chromatid exchanges as well as gross chromosomal rearrangements (Watt et al., 1996; Ellis and German, 1996; Onoda et al., 2000; Myung et al., 2001) .
When leading-strand synthesis encounters a singlestrand break or a gap on the template strand, the fork is assumed to collapse, yielding a double-strand end (Figure 4) . Then a process called break-induced replication, originally named stable DNA replication and later recognized as an example of recombinationdependent replication (reviewed in Kogoma, 1997) , may take place at the broken fork. After a homologydirected strand invasion forms a Holliday junction, the strand interruption is repaired, and the Holliday junction is unwound by a RecQ helicase to reset the replication fork. This should be an error-free mechanism: when replication is resumed by the fork thus restored, no scar whatsoever including a sister chromatid exchange is generated. In the absence of the RecQ, the Holliday junction must be processed by some resolvase, again giving rise to a double-strand end. Another strand invasion would make a new Holliday junction, the resolution of which could yield two different types of products each reconstituting a replication fork. One of these is the same as the product of branch migration mentioned above, but the other is such that it should generate a sister chromatid exchange on restart of replication. Although not shown in the figure, it is important to note that the strand invasion and exchange may also occur elsewhere on the same chromosome or on a different chromosome using imperfect sequence similarities. This may occur not infrequently in mammalian cells in which repeated sequences are abundant and widespread in the genome. If it takes place on the sister chromatid behind the fork or on the unreplicated portion ahead of the fork, a deletion or an addition would result, respectively. When a different chromosome is the recipient of the invading strand, a gross chromosomal rearrangement would occur. Further, judging from the peculiar substrate specificities of RecQ family helicases (Mohaghegh et al., 2001) , it is expected that they would preferentially unwind Holliday junctions involving heteroduplexes with imperfect base-pairing derived from such an ectopic strand invasion. This is consistent with the observation that mutations in Sgs1p increase the frequency of translocations and deletions containing regions of imperfect homology at their breakpoints (Myung et al., 2001) . Overall, this model predicts that RecQ deficiencies would render the cell heavily dependent upon the more error-prone mode for restoring collapsed replication forks, as a result of a blockage of the error-free pathway. In addition, it is also expected that RecQ deficiencies would increase the steady-state level of double-strand ends within the genome; these may be ligated by nonhomologous endjoining with each other, resulting in gross chromosomal rearrangements.
In sum, precise mechanisms by which the hyperrecombination phenotype of RecQ-deficient cells arises are still a matter of conjecture, with many of the above arguments awaiting substantiation. Nevertheless, it may be safe to say for the moment that RecQ family helicases participate in the rescue of disturbed replication forks and that their absence likely facilitates errorprone processes instead of error-free ones, which gives rise to the phenotype.
The telomere connection
Premature aging is one of the major clinical manifestations in Werner's syndrome (reviewed in , and cells deficient in WRN exhibit an accelerated rate of senescence (Faragher et al., 1993) . The relationship between aging and telomeres has been the subject of intensive studies, and, furthermore, impaired telomere functions cause genomic instability, thereby predispos- Figure 4 A model to account for the hyper-recombination phenotype of RecQ-deficient cells. Replication fork demise is assumed as a triggering event (see text). Parental and daughter strands are drawn in blue and red, respectively, and 3'-ends are marked by arrowheads. Green arrows indicate reactions hypothesized to be catalyzed by RecQ family helicases. Only one of the two alternative ways of the Holliday junction (HJ) resolution marked by an asterisk is shown because the other also gives the same outcome ing cells to malignant transformation (reviewed in Kim et al., 2002) . Intriguingly, recent studies have yielded findings to suggest that RecQ family helicases including WRN are involved in the maintenance of telomeres. Specifically, it seems that cells deficient in WRN or Sgs1p show a defect in an alternative telomerelengthening mechanism(s) that operates in the absence of a functional telomerase. Those observations include the following: (1) forced production of human telomerase results in the extension of the life span of telomerase-negative, WRN-deficient cells (Wyllie et al., 2000) ; (2) in immortalized human cells lacking telomerase, WRN colocalizes in nuclear foci with the telomere repeat binding factors known to be associated with the alternative system for telomere lengthening ; and (3) Sgs1p or mouse WRN is capable of suppressing the accelerated senescence and telomere shortening in yeast cells dually deficient in Sgs1p and telomerase (Cohen and Sinclair, 2001; Huang et al., 2001; Johnson et al., 2001) . Although clear understanding of these connections is yet to come, they may not be surprising if one notes that the alternative telomere-lengthening mechanism(s) is believed to be dependent on recombination between telomere repeats (Le et al., 1999; Teng and Zakian, 1999) and that telomeres readily form G-DNA (Sun et al., 1999) . Interestingly, an Ustilago maydis gene encoding a RecQ-related protein was located in the region adjacent to telomere repeats, and the possibility was suggested that the gene might be subject to a position effect with respect to its expression (Sa´nchez-Alonso and Guzma´n, 1998).
Roles in checkpoint functions and apoptosis
In addition to the direct roles in DNA metabolism, a new perspective has recently been introduced concerning the in vivo function of eukaryotic RecQ family helicases. Work by numerous investigators has shown that those enzymes participate in two processes which might have a potential bearing on cancer predisposition: the cell cycle checkpoint control to monitor DNA for its integrity and apoptosis to effect elimination of irreversibly damaged cells.
In budding yeast, Sgs1p plays a part in the intra-S phase, but not in the G2/M or G1/S, DNA damage checkpoint. It also colocalizes with the protein kinase Rad53p in S phase-specific nuclear foci, and is required for the activation of the latter, suggesting that it may function in the signal transduction pathway leading to the checkpoint control (Frei and Gasser, 2000a ; also reviewed in Frei and Gasser, 2000b; Oakley and Hickson, 2002) . The fission yeast RecQ homolog Rqh1p has also been implicated in the S phase checkpoint (Murray et al., 1997; Davey et al., 1998) . In mammalian cells, the intra-S phase checkpoint has been shown to operate (Larner et al., 1994) , but there is no positive evidence that RecQ homologs are involved. At least BLM-deficient cells are reportedly normal in this function (Ababou et al., 2002) . Like cells of yeast sgs1 mutants, BLM-deficient cells also appear proficient in the G1/S (Ababou et al., , 2002 Wang et al., 2001 ) and G2/M checkpoints (Wang et al., 2001 ) although a partial escape from the latter was noted in one series of studies (Ababou et al., , 2002 .
Considerable attention has been focused on the relationship of RecQ family helicases with the tumor suppressor p53, a protein well known for its roles in apoptosis and checkpoint controls (reviewed in Levine, 1997; Hakem and Mak, 2001 ). According to the widely held view, ATM (ataxia telangiectasia mutated) and related protein kinases phosphorylate p53 in response to DNA perturbations (Banin et al., 1998; Canman et al., 1998 ; also reviewed in Hammond et al., 2002) , thereby increasing its stability and, as a result, its intracellular levels. Once phosphorylated, p53 triggers pathways leading to downstream events comprising transcriptional activation of certain target genes, the G1/S or G2/M checkpoint control, and apoptosis. There is a good deal of evidence to indicate interactions of p53 with BLM and WRN, which suggests their cooperation in the maintenance of genome integrity. Thus, it has been demonstrated that p53 has the capacity to bind BLM (Garkavtsev et al., 2001; Wang et al., 2001) or WRN (Blander et al., 1999; Spillare et al., 1999; Brosh et al., 2001a) and colocalizes with WRN in S phase nuclear foci following the arrest of DNA replication (Brosh et al., 2001a) . Furthermore, deficiencies in BLM or WRN result in a specific attenuation of p53-mediated apoptosis following DNA damage Wang et al., 2001) , suggesting that each of these helicases works in concert with p53 in effecting apoptosis. However, BLMdeficient cells are virtually normal for the following p53-related phenomena: DNA damage-induced p53 accumulation (Lu and Lane, 1993; Collister et al., 1999; Ababou et al., 2000; Wang et al., 2001) , activation of the downstream genes (Collister et al., 1999; Ababou et al., 2000; Wang et al., 2001) , the G1/S checkpoint (Ababou et al., , 2002 Wang et al., 2001) , and the G2/M checkpoint (Wang et al., 2001) . These observations may be consistent with the findings that p53-mediated apoptosis requires neither transcriptional activation of the p53-dependent genes (Caelles et al., 1994) nor induced synthesis of p53 (Woo et al., 2002) . Apart from its mechanistic basis, the attenuation of apoptosis associated with RecQ deficiencies is particularly interesting because the impairment of p53-mediated apoptosis is likely to lead to cancer predisposition.
Despite the apparent connection of RecQ family helicases to apoptosis, the crucial question of how they actually participate in this cellular process remains largely unsolved. In view of the documented affinities of RecQ family helicases to various types of alternate DNA structure, a logical possibility would be that their role in the p53-controlled apoptotic pathway is sensing DNA perturbations. Particularly revealing in this connection is the finding that BLM is a member of the BRCA1-associated genome surveillance complex (BASC), which also contains mismatch repair proteins (MSH2, MSH6, MLH1), replication factor C (RFC) and ATM (Wang et al., 2000b) . Other studies have also demonstrated that BLM interacts physically with MLH1 but is not required for mismatch repair per se as assayed in vitro (Pedrazzi et al., 2001; Langland et al., 2001) . Given the known functions of those proteins composing the BASC, it would be reasonable to assume that the complex as a whole may serve as a DNA surveillance device for the signaling system (Wang et al., 2000b) , in which BLM, as one of the sensor components, may recognize specific types of damage or alternate structure (Imamura et al., 2001) . Consistent with this notion, the stimulation of p53 phosphorylation induced by DNA methylator damage is dependent on functional MSH/MLH mismatch repair proteins capable of recognizing O 6 -methylguanine while UV-induced stimulation is not (Duckett et al., 1999) . So far, BLM is the only RecQ family helicase shown to be a component of a complex whose likely function is DNA surveillance. However, there is no reason to expect this situation to be limited to BLM, given the fact that WRN is also involved in the p53-dependent, DNA damage-induced apoptosis .
RecQ family helicases as dual-role tumor suppressor proteins
If both copies of the BLM-, WRN-or RTS-encoding gene are nonfunctional in an individual, he or she is prone to develop malignancies. This qualifies those genes as tumor suppressor genes. How do these deficiencies predispose humans to cancer? Tumor suppressor genes are usually divided into two classes, caretakers and gatekeepers (Kinzler and Vogelstein, 1997) ; the former control genomic stability while the latter prevent growth of tumor cells. On the basis of the foregoing discussion, BLM and WRN (and RTS by inference) may be regarded as having dual functions as tumor suppressor proteins, i.e., caretaker-gatekeeper proteins. Recent studies have revealed that this situation is not exceptional but quite common among repairrelated proteins (reviewed in Bernstein et al., 2002) ; the mismatch repair proteins MSH2, MSH6, and MLH1 mentioned above represent just a few examples.
Apparently, the main function of the RecQ family helicases that qualifies them as caretaker proteins is to prevent excessive recombination from occurring. Loss of this function in homozygous mutant cells confers the hyper-recombination phenotype (Salk et al., 1981; Groden and German, 1992; Lindor et al., 2000) and generates large deletions (Fukuchi et al., 1989 (Fukuchi et al., , 1990 Monnat et al., 1992; Tachibana et al., 1996) and other types of chromosomal changes via mitotic recombination, eventually giving rise to LOH at various loci. LOH events were shown to actually take place in a BLM-deficient mouse model (Luo et al., 2000) and have recently been analysed in detail in Sgs1p-deficient yeast cells (Ajima et al., 2002) . The causal relationship between LOH involving various tumor suppressor loci and human malignancies is well established. The activation of oncogenes may also result from gross chromosomal rearrangements. On the other hand, a likely role for the RecQ family helicases as gatekeeper proteins is suggested by the attenuation of p53-mediated apoptosis associated with BLM and WRN deficiencies Wang et al., 2001) . Since p53-mediated apoptosis is thought to be critical for tumor suppression, its attenuation would likely contribute to the cancer predisposition in Bloom's and Werner's syndromes, and possibly in RothmundThomson syndrome as well.
Apart from these major mechanisms for tumor suppression by RecQ family helicases, there are still other possibilities that can not be ruled out at the moment. If a RecQ family helicase, like yeast homologs, is involved in the checkpoint control, it would contribute to its potential as a caretaker by decreasing the rate of cell cycle progression in response to DNA damage so as to allow the cell enough time for repairing lesions. Although BLM is unlikely to be involved in the checkpoint control (see above), little is known about WRN and RTS regarding this issue. Also, we are presently unable to eliminate the possibility that the telomere connection (see above) may account, at least to some extent, for the caretaker function of RecQ family helicases to maintain the genomic integrity. Lastly, the impairment of cellular immunity is known to be associated with Bloom's (Van Kerckhove et al., 1988), Werner's (Goto et al., 1979 (Goto et al., , 1982 , and Rothmund-Thomson (reviewed in Vennos et al., 1992) syndromes. At least in theory, such an anomaly might well compromise the immune surveillance against cancer cells.
An important issue yet to be solved is the distinctive spectrum of malignancies associated with each of the RecQ deficiency syndromes. In Bloom's syndrome, about half of all malignancies are accounted for by common epithelial tumors (carcinomas) while most of the nonepithelial tumors constituting the other half are lymphomas and leukemias (German, 1997) . In Werner's syndrome, by contrast, thyroid cancers and melanomas predominate among epithelial tumors while soft-tissue sarcomas and osteosarcomas represent the majority of nonepithelial tumors; the epithelial-tononepithelial ratio is also roughly equal to unity (Goto et al., 1996) . In Rothmund-Thomson syndrome, the epithelial-nonepithelial ratio is not very different from those in the other two disorders, but skin cancers account for most of the tumors of epithelial origin while osteosarcomas constitute the majority of the nonepithelial tumors (Vennos et al., 1992) . Since epithelial tumors are said to be an order of magnitude more frequent than nonepithelial varieties in the general population, relative increases of the latter are evident in all three conditions despite apparent distinctions in the individual types of tumors. Although the underlying mechanism for this differential tumorigenesis is unclear, analysis using animal models may eventually solve this important but complex puzzle. In effect, one such study has already opened up this avenue by revealing that mice doubly deficient in WRN and p53 produce an extended spectrum of spontaneous tumors as compared to those of either single mutant (Lebel et al., 2001) .
Perspectives
In the foregoing discussion, emphasis has been placed on those matters that appear common to different members of the RecQ family. In this respect, it is felt that a coherent view on their in vivo functions as well as in vitro activities has just begun to emerge. For instance, remarkable progress has been made in understanding the mechanism for the hyper-recombination phenotype of the RecQ-deficient cells in terms of the catalytic properties of the proteins. Also, their relationships with checkpoints and apoptosis have been elucidated considerably. As a consequence, it has become possible to draw a rough sketch of the mechanistic basis of cancer predisposition characterizing the RecQ-deficient disorders. At the same time, however, it is also felt that several important aspects regarding this group of proteins remain to be explored. Thus, our present knowledge is quite insufficient to explain many of the specific, as opposed to common, manifestations of different RecQ deficiencies. These include the distinct profiles of elevated mitotic recombination, the manifestation of premature senescence, and the differential patterns of tumorigenesis. Obviously, studies on these issues will bring about exciting findings in the very near future. Equally intriguing problems are the unknown functions of hRecQ1/L and hRecQ5, neither of which have yet been linked to human pathologies. They are distinct from the other human RecQ homologs in their expression profiles (Kitao et al., 1998; Kawabe et al., 2000) . Thus, both hRecQ1/L and hRecQ5 (splice variant b) are expressed in much wider varieties of growing cells than BLM, WRN, or RTS and apparently in a manner not subject to cell cycle-dependent regulation. Further, the latter is expressed even in resting cells and not upregulated by neoplastic transformation, implying its unique role(s) in differentiated cells (Kawabe et al., 2000) . Another aspect of potential importance would be phenotypes possibly displayed by heterozygotic carriers for RecQ helicase mutations. In this connection, a report describing increased sensitivity to a genotoxic agent in cell lines heterozygous for WRN deficiency should be noted (Ogburn et al., 1997) . Careful studies along this line, with emphasis on the incidence of cancer, might be important from basic as well as clinical points of view.
